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Executive Summary
The finite element structural modeling in the Rotorcraft Comprehensive Analysis System (RCAS) provides a state-of-the-art approach to aeroelastic analysis. This, coupled with its ability to model all turbine components, results in a methodology that can simulate complex system interactions characteristic of large wind. In addition, RCAS is uniquely capable of modeling advanced control algorithms and the resulting dynamic responses.
The aerodynamic inflow models in RCAS have been formulated for helicopter analysis. These models needed to be evaluated for wind turbine analysis to determine whether they included features that accurately predict the inflow for steady state, quasi-steady state, and unsteady operating conditions of wind turbines. The aerodynamic inflow models include the generalized dynamic inflow model, the equilibrium-based blade element momentum (BEM) theory, a prescribed vortex wake, and a free vortex wake. The four inflow methods in RCAS are listed in order of increasing complexity and computational time. The inflow models in RCAS were evaluated by comparing their predicted angles of attack for steady and quasi steady operating conditions with other wind industry aerodynamic models such as WT_Perf (BEM), AeroDyn (BEM and generalized dynamic wake), and LSWT (lifting surface prescribed wake).
Momentum theory or the generalized dynamic-wake theory should be selected for most applications because both are simple and have rapid computational times. For unsteady inflow conditions the generalized dynamic wake inflow model is preferred because of its noniterative time domain formulation. The use of momentum theory in RCAS will depend on successful implementation of the Prandtl tip/hub loss model, induced swirl effects, and the Glauert approximation. Both the prescribed and free vortex wake options require exponential increases in computational time and use a basic lifting line blade representation. In unsteady inflow conditions these inflow models are less compatible with dynamic perturbations because of their discretized blade and wake vortex models. The prescribed and free wake vortex models are better suited for steady-state, axissymmetric performance prediction. However, for the prescribed and free wake vortex models, a lifting surface blade representation is preferred over a lifting line.
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Background
The Rotorcraft Comprehensive Analysis System (RCAS) is a state-of-the-art computational analysis system for modeling rotorcraft [1] [2] [3] [4] . It can model a complete range of rotorcraft configurations in hover, forward-flight, and maneuvering flight conditions. RCAS can perform a variety of engineering calculations, including vehicle performance, aerodynamics and rotor loads, vehicle vibration, flight-control analysis, aeroelastic stability, flight dynamics, and flight simulation. Analysis features in RCAS include trim, maneuver, and stability.
Structural modeling in RCAS uses a finite element approach for the various rotorcraft components. A helicopter model can include a conventional or multi-rotor configuration along with the fuselage, engine/drivetrain model, and control system. This structural modeling provides the capability for accurate dynamic simulation that includes the interaction between all system components. The rotorcraft system structural modeling capability can be adapted to model wind turbine systems, which would include the rotor, generator/drivetrain, nacelle, tower, and control system. Because wind turbines are becoming larger and more dynamically active, a comprehensive system dynamic simulation is more critical.
Aerodynamic modeling in RCAS includes all rotorcraft system components such as rotors, wings, and fuselage. Two-dimensional airloads are used for blade and wing segments, three-dimensional airloads for the fuselage, and disc inflow models for the rotor. The resulting induced velocities and airloads are modeled separately for each component and collected in an aerodynamic library. RCAS includes four aerodynamic models that have been tailored for helicopter analysis to calculate the rotor's induced inflow. Aerodynamic inflow models include the generalized dynamic wake theory [5] , blade element momentum (BEM), prescribed wake, and free wake. These inflow methods are listed in order of increasing computational time and complexity. The BeddoesLeishman dynamic stall model [6] can be used with all inflow models. The generalized dynamic wake theory or BEM should be selected for most applications because they are simple and have rapid computational times. Both the prescribed and free vortex wake options result in exponential increases in computational time and use the basic lifting line blade representation rather than a lifting surface.
The focus of this study was the aerodynamic modeling of the rotor in RCAS and assessing the suitability of the inflow models for predicting wind turbine blade loads and performance. Evaluation of the RCAS inflow models consisted of comparing their angleof-attack predictions to similar inflow models used in-house and in the wind industry. These models include WT_Perf [7] , AeroDyn [8, 9] and LSWT (Lifting-Surface Prescribed-Wake code) [10] . Both WT_Perf and AeroDyn have a BEM inflow model to predict rotor performance. In addition, AeroDyn includes the generalized dynamic wake inflow model and the Beddoes-Leishman dynamic stall model. Both codes can be used to predict steady state axis-symmetric performance and quasi steady state, yawed rotor performance. RCAS and AeroDyn, with the generalized dynamic wake theory can be used for unsteady performance prediction. The LSWT performance prediction code uses a prescribed, expanding-wake, inflow model. The code uses a lifting surface blade 1 representation for blade geometry optimization and can also be used to predict steadystate, axis-symmetric performance and quasi-steady-state, yawed rotor performance. The comparison in this report included exercising all the inflow options in RCAS relative to those in NREL's in-house performance prediction codes WT_Perf, AeroDyn, and LSWT. This was done using the UAE (unsteady aerodynamic experiment) two bladed, rotor geometry [11] and S809 [12] airfoil characteristics.
Objective
The objective of this study was to evaluate the aerodynamic inflow options in RCAS. To accomplish this objective, predicted angle of attack distributions obtained from RCAS were compared with industry-accepted aerodynamic codes that included WT_Perf, AeroDyn, and LSWT. The project scope was limited to axis-symmetric and yawed-flow, steady state operation with no structural degrees of freedom.
Approach
The UAE Phase VI wind turbine was selected for this code comparison. The upwind configuration of this two-bladed, horizontal-axis turbine has been the subject of several past studies. Consequently, input data for this turbine were available and results from this study will provide a baseline for future comparisons with UAE test data from the NASA Ames 80-ft by 120-ft (24.5-m by 36.5-m) wind tunnel. This 10-m (33-ft) rotor has tapered, twisted blades that use the NREL S809 airfoil profile from blade root to blade tip. S809 2-D airfoil data, from the Delft low turbulence wind tunnel, was used for calculating angle of attack distributions in RCAS, WT_Perf, AeroDyn, and LSWT. Operating cases included steady state axis-symmetric operation and quasi-steady state yawed flow operation.
Aerodynamic Inflow Models
RCAS, WT_Perf, and AeroDyn all employ the BEM inflow option for modeling wind turbine aerodynamics (see Table 1 ). In addition, RCAS and AeroDyn include a dynamic inflow option that minimizes computational time. For stall and post-stall calculations the prescribed wake inflow approach in LSWT and RCAS have the potential to more accurately predict the angle of attack. The free wake option in RCAS provides further flexibility to accommodate more inflow conditions at the expense of excessive computer time. Detailed descriptions of the theories each code employs can be found in their user and theory manuals. 
Blade Element Momentum Theory
Below stall, BEM theory predicts reasonable angle-of-attack distributions for steadystate, axis-symmetric inflow conditions. Under stalled airfoil conditions, normally at high wind speeds, BEM over predicts the angle-of-attack distribution [13] . The over prediction is largely the result of two simplifying assumptions inherent in BEM. The "uniform inflow around the annulus" assumption leads to an over prediction of the angle of attack with the onset of stalled rotor conditions. The "no interaction between annuluses" assumption does not recognize the strong induced effect of trailing vorticity on the angle of attack distribution and resulting load distribution.
For helicopter analysis, RCAS uses an effective-radius tip-loss model with no hub loss model. Typically, an effective radius input of 0.98 is used for helicopters, which means the blade radius is reduced by 2%. For wind turbines, the shorter radius from this tip loss model results in a larger blade pitch angle to achieve the designated thrust and power. Because the effective radius tip loss model has little effect on the blade load distribution it is not appropriate for wind turbine calculations. The Prandtl tip and hub loss models favorably decrease the tip and root loading and should be implemented in RCAS for use with the BEM inflow option.
RCAS was formulated primarily for helicopter forward flight calculations, in which the axial induction factor is important and the swirl induction factor is insignificant. However, for wind turbine calculations the induced swirl is significant and results in a lower angle of attack distribution toward the blade root region. The induced swirl should be implemented in RCAS to improve accuracy and to provide results comparable with other wind turbine codes that include the induced swirl.
For wind turbines, the Glauert empirical approximation improves accuracy at low wind speeds, high tip speed ratios, and high axial induction factors. The Glauert empirical approximation (also known as the windmill brake state model) calculates higher power coefficients than the classical momentum method at non-optimum pitch angles toward feather. This empirical approximation should be included in RCAS.
Generalized Dynamic Wake Theory
The generalized dynamic wake model is based on incompressible, potential flow, and small disturbance theory. This inviscid, non-interative, three-dimensional unsteady induced-flow theory is based on the unsteady theory of Peters and He [4] . The time domain model uses acceleration potential with a skewed cylindrical wake. This method calculates only the dynamic inflow perpendicular to the rotor disc as a function of the disc loading and air mass dynamic force. Wake induced swirl in the rotor plane, which is not important to helicopter analysis, is not calculated. The method implicitly includes Theodorsen and Loewy induced inflow effects from the shed wake as well as PrandtlGoldstein tip losses caused by the trailing wake. This inflow method is useful in analyzing skewed wake effects when operating off the wind axis. For helicopters, the method provides good correlation of the inflow relative to measurements, except near the blade tip. For yawed-flow calculations the method approximates the time lag between the initiation of a load disturbance and when it is felt at some other point in the flow field. Of all the inflow models it is best suited for aeroelasticity analysis, aeroelasticity tailoring, and higher harmonic control. It can also be applied to investigate coupled blade flap, lead-lag, and torsional stability.
Prescribed Vortex Wake Theory
Simplifying assumptions associated with blade element momentum and the generalized dynamic wake theories are largely eliminated through the use of a prescribed vortex wake. The method is better suited for axis-symmetric, blade geometry and performance optimization than either BEM or generalized dynamic wake theory, since it includes wake distortion and wake rollup. However, vortex wake inflow methods lend themselves to steady and quasi-steady analysis but are not well suited for unsteady aeroelasticity analysis. This drawback relates to the discretization of both the blade and wake vortex model, which tends to be less compatible with dynamic perturbations. The wake inflow model would likely need five inflow points per half cycle for the highest frequency of interest. Such a fine inflow resolution would lead to excessive computer time and frequent numerical instabilities. The RCAS prescribed wake model is based on helicopter contracting, prescribed wake equations that are limited to a constant diameter wake equal to the rotor diameter. Expanding wake prescribed equations, similar to those used in LSWT, are needed for this option to be viable for wind turbine analysis. In addition, the RCAS prescribed wake is used with a lifting line blade representation, whereas the expanding prescribed wake equations in LSWT are used with a lifting surface blade representation that includes induced effects for as many as five chordwise panels. Lacking the correct wind turbine prescribed wake equations, the RCAS prescribed wake model resulted in excessively high angle of attack predictions.
Free Wake Theory
A free wake inflow model is unencumbered by the use of prescribed wake equations and can accommodate a broader range of operating conditions. Several free wake formulations differ primarily in their numerical methods. The Leishman and Bhagwat free-vortex wake is the newest free wake option to be used in RCAS. For this wake model, the tip region trailing vorticity is truncated into a discrete tip vortex 15°-45° behind the blade. The free wake extends one and a half radii below the blade. The bottom of free wake is stabilized by evolutions of prescribed wake resulting from previous free wake iterations. Like the prescribed wake, the free wake is not well suited for unsteady aeroelasticity analysis because of wake discretization. Attempts to run the free wake for the UAE wind turbine rotor were not successful. The input data set included a large number of wake geometry input parameters that will require some trial and error to find a suitable combination.
Dynamic Stall Model
Dynamic stall behavior is characterized using the Beddoes-Leishman dynamic stall model with any of the RCAS inflow models. AeroDyn also uses the same dynamic stall model. The dynamic stall model is most compatible with the time domain based, generalized dynamic wake inflow model in RCAS and AeroDyn. In RCAS, the dynamic stall model is airfoil dependent and numerous airfoil specific input based to 2-D unsteady tests are required. Airfoil specific inputs in RCAS are defined only for the symmetric NACA 0012 airfoil and the SC1095 cambered airfoil. Only the cambered airfoil should be used in wind turbine analysis. In AeroDyn no airfoil inputs are required since the dynamic stall model is hard wired for a generic cambered airfoil.
Turbine Description
The UAE turbine geometry and aerodynamic information were obtained for the Phase VI UAE Rotor [10] . A summary of the turbine design properties for this two-bladed, upwind, horizontal-axis wind turbine appears in Table 2 . The UAE rotor blade geometry is shown in Figure 1 . The blade uses the S809 airfoil from root to tip. Performance characteristics for the S809 airfoil, acquired in the Delft wind tunnel, are shown in Figure 2 . For simplicity, the lift and drag data for a Reynolds number of 1,000,000 were used from blade root to tip in WT_Perf, AeroDyn, LSWT, and RCAS.
The airfoil data input format for RCAS is derived from a Bell Helicopter's dynamics code, "C81", which was tailored for helicopter analysis. Each angle of attack in the data table is listed for multiple Mach numbers. For each Mach number, lift, drag, and moment coefficient are given. For wind turbines, compressibility effects are negligible and the airfoil characteristics can be held constant with Mach number. An example of a wind turbine airfoil input data set (S809.C81) with the S809 airfoil is shown in the Appendix. A simpler format is desired for wind turbine analysis. 
Predicted Angle of Attack
Steady State Axis Symmetric Results
The BEM inflow option in RCAS neglects several options-induced swirl, the Prandtl tip loss option, and the Glauert approximation-important to wind turbine analysis. NREL's in-house BEM code, WT_Perf was used to illustrate the influence of the induced swirl and Prandtl tip loss option on the predicted angle of attack. Figure 3 shows the predicted angle of attack for the UAE two-bladed rotor at 7 m/s when no stall is present along the blade. Induced swirl, which adds to the local rotational speed, is greatest over the inboard portion of the blade and decreases with radius. Consequently, the inclusion of swirl decreases the angle of attack inboard by about 1° with almost no effect toward the tip. The Prandtl tip loss reduced the angle of attack by about 2° toward the tip. The Prandtl hub loss results in a fraction of a degree reduction toward the blade root. The Glauert approximation has little influence on the angle of attack distribution for optimum blade pitch. The BEM inflow option was used to show a comparison of the predicted angle of attack for WT_Perf, AeroDyn, and RCAS for wind speeds of 7 and 10 m/s ( Figure 4 ). Close agreement is seen for WT_Perf and AeroDyn, both of which include the induced swirl, Prandtl tip loss, and Glauert approximation. WT_Perf also includes the Prandtl hub loss that is omitted in this version of AeroDyn. The higher blade root angle of attack is attributed to this omission. For both wind speeds, RCAS predicts noticeably higher angle of attack distributions by not including these inflow options.
The dynamic wake inflow option [4] in RCAS provided better agreement with WT_Perf and LSWT over the outboard part of the blade (see Figure 5 ). For comparison, the RCAS BEM inflow option, with the over-predicted angle of attack is also shown. Both the BEM method WT_Perf and the prescribed wake method LSWT are in close agreement at 7 m/s, except for the root region where LSWT has a lower angle of attack as a result of greater induced root inflow. The dynamic inflow option of RCAS over predicts the tip and hub region angle of attack even though the method implicitly includes the PrandtlGoldstein tip losses. Also unusual is the lower angle of attack (around 50% radius) when induced swirl effects are not included in the dynamic wake inflow option.
Further comparison of the RCAS dynamic wake inflow option is shown in Figure 6 for wind speeds of 5, 7, and 10 m/s. The dynamic inflow option tends to under predict the angle of attack distribution with increasing wind speeds, except for the immediate tip and hub region. Also, WT_Perf over predicts the angle of attack with increasing wind speed as a result of the uniform inflow assumption around the annulus and the assumption of no interaction between annuli. 
Quasi-Steady State Results
Angle of attack predictions at 10 m/s were generated for yaw angles of 10° and 30° at three blade radial stations (r/R=0.42, 0.87, and 0.97). The dynamic wake inflow model was used for RCAS because it is more accurate than the other inflow models. AeroDynAeroDyn comparisons are also provided with its dynamic wake inflow model. The comparisons show angle of attack versus blade azimuth. Zero blade azimuth is with the blade at the top of the rotor disc advancing into the wind. The advancing blade half of the disc would be 270°-90°; the retreating half would be 90°-270°.
For a yaw angle of 10°, a comparison of angle of attack distribution versus blade azimuth is shown in Figure 7 . At r/R=0.97, RCAS, AeroDyn, and LSWT all agree with an angle of attack slightly higher than 6°. Moving inboard to r/R=0.87, the angle of attack phasing is somewhat different even though both RCAS and AeroDyn use a dynamic inflow formulation. LSWT appears to be in better agreement with RCAS. Also in the root region RCAS and LSWT are in good agreement except for a large blade/vortex interaction on the retreating blade. In the root region AeroDyn predicts an angle of attack several degrees higher than the other two methods. For higher yaw angles LSWT would not converge because of numerical problems resulting from a lack of a finite vortex core model that would limit extremely high induced velocities resulting from blade/vortex interactions.
At a yaw angle of 30°, a similar comparison of RCAS and AeroDyn was done with the dynamic wake inflow models (see Figure 8 ). Also shown for comparison is a WT_Perf prediction with BEM inflow. Toward the tip, WT_Perf predicts a lower angle of attack. The dynamic inflow model in RCAS and AeroDyn results in an angle of attack several degrees higher. Again, RCAS and AeroDyn exhibit an unexplained magnitude and phasing shift of the angle of attack relative to one another. At r/R=0.87 the differences between the three methods are much smaller. Blade root region differences become more significant; most noticeable are the previously mentioned angle of attack phase shifts between RCAS and AeroDyn. The angle of attack distribution of AeroDyn is slightly less symmetrical or biased to the right.
Angle of Attack, deg. The dynamic stall option in RCAS was turned on for comparative purposes. Dynamic stall, option 5, was used and is considered to be the most rigorous option. The dynamic stall model requires airfoil specific inputs for the S809 airfoil. Similar airfoil inputs from the program's cambered SC 1098 airfoil, used on the Blackhawk helicopter, were chosen since S809 inputs were not available. With dynamic stall turned on, the primary change is a decrease in angle of attack and a phase shift to the right (see Figure 9 ). With the dynamic stall model turned on in AeroDyn, a similar change is observed ( Figure 10 ). Dynamic stall models in both AeroDyn and RCAS are based on the Leishmann-Beddoes method, but AeroDyn has the airfoil inputs hardwired with no user-selected inputs. An overlay of the dynamic stall predicted angle of attack distributions for RCAS and AeroDyn is shown in Figure 11 . AeroDyn predicts a higher angle of attack peak than RCAS. For AeroDyn, toward the blade root, the angle of attack distribution is several degrees greater from a blade azimuth of 180°-90°. This increase may not be related to the difference in dynamic stall models but to shift without the dynamic stall model. 
Conclusions
Evaluation of the four aerodynamic inflow models in RCAS resulted in the following findings. BEM, which is used for most codes, lacks several features-Prandtl tip and hub loss model, induced swirl calculations, and the Glauert approximation for use at high thrust coefficients-needed for wind turbine analysis. Without these features, the BEM inflow option in RCAS over predicts the angle of attack distribution. The generalized dynamic wake inflow option in RCAS provided a reasonable prediction of the angle of attack distribution. Inherent in this model is a Prandtl-Goldstein based tip loss correction. Even with the tip loss correction, the local tip angle of attack is over predicted relative to BEM and LSWT theories. The wake inflow option does not include induced swirl effects. This does not appear to be a significant impediment, since the angle of attack distribution toward the blade root where the angle is reduced by swirl is already under predicted. Being a time domain, noniterative inflow model, the generalized dynamic wake is the only inflow model practical for unsteady inflow and aeroelasticity calculations. This model will also provide the lowest computational time of the four inflow models. The prescribed and free-wake inflow options are not as well suited for unsteady flow conditions because both the blade and wake vortex model, which are less compatible with dynamic perturbations, are discretized. The prescribed and free-wake inflow options are better used for axis-symmetric performance prediction and blade geometry optimization. They both use a basic lifting-line blade representation and the prescribed wake method lacks equations to simulate an expanding wind turbine wake. For axis-symmetric performance predictions, the LSWT is currently a better choice since it is tailored for wind turbine analysis.
Recommendations
Once the Prandtl tip/hub loss model, induced swirl, and with the Glauert approximation are implemented in RCAS, further validation of the BEM inflow option is needed to verify the angle of attack distributions. A more conventional airfoil data input format is needed in RCAS for wind turbine analysis. A wind turbine user's manual with examples is needed to minimize confusion. Wind turbine prescribed wake equations are necessary for the prescribed-wake inflow option. The free-wake inflow option should be further explored to determine what combinations of wake parameters are suitable for wind turbine analysis. A dynamic stall input file is needed for a generic wind turbine airfoil.
Currently the lack of a comprehensive wind turbine user's manual makes RCAS difficult to use and results in a long and expensive learning curve. A wind turbine user's manual should include several well-documented wind turbine examples along with their input and output files.
In AeroDyn, for yawed flow conditions, the angle of attack asymmetry versus blade azimuth relative to RCAS should be investigated. In LSWT, for yawed flow conditions, a vortex core model is needed to limit the maximum induced velocity generated by a vortex filament. This should be complemented with a dynamic stall subroutine. Finally, predicted results should be compared with actual UAE data for the operating conditions investigated in this report. 
RCAS Input File
! ********************************************** ! *** Rotor of CER Wind Turbine *** ! *** English Units *** ! *** 2 Rigid blades *** ! *** 0.0 deg precone *** ! *** Table lookup aerodynamics *** ! *** no dynamic Inflow *** ! *** Steady state *** ! ********************************************** ! 2.9000e+00 0.0000e+00 0.0000e+00 a 3 3.5000e+00 0.0000e+00 0.0000e+00 a 4
4.1200e+00 0.0000e+00 0.0000e+00 a 5
4.9500e+00 0.0000e+00 0.0000e+00 a 6
6.4000e+00 0.0000e+00 0.0000e+00 a 7
7.6900e+00 0.0000e+00 0.0000e+00 a 8
9.4100e+00 0.0000e+00 0.0000e+00 a 9
1.0450e+01 0.0000e+00 0.0000e+00 a 10
1.2410e+01 0.0000e+00 0.0000e+00 a 11
1.3410e+01 0.0000e+00 0.0000e+00 a 12
1.5410e+01 0.0000e+00 0.0000e+00 a 13
1.6410e+01 0.0000e+00 0.0000e+00 a 14
1.6500e+01 0.0000e+00 0.0000e+00 
WT_Perf Input File
WT_Perf v2.2 input file: PIT_ST, PIT_END, PIT_DEL: First, last, delta blade pitch (deg).
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AeroDyn/YawDyn Input File
